Papillomaviruses, members of a group of dsDNA viruses associated with epithelial growths and tumors, have compact capsids assembled from 72 pentamers of the protein L1. We have determined the structure of bovine papillomavirus by electron cryomicrosopy (cryoEM), at ∼3.6 Å resolution. The density map, obtained from single-particle analysis of ∼4,000 particle images, shows the trace of the L1 polypeptide chain and reveals how the N-and C-terminal "arms" of a subunit (extensions from its β-jelly-roll core) associate with a neighboring pentamer. Critical contacts come from the C-terminal arm, which loops out from the core of the subunit, forms contacts (including a disulfide) with two subunits in a neighboring pentamer, and reinserts into the pentamer from which it emanates. This trace corrects one feature of an earlier model. We discuss implications of the structure for virion assembly and for pathways of infectious viral entry. We suggest that it should be possible to obtain image reconstructions of comparable resolution from cryoEM images of asymmetric particles. From the work on papillomavirus described here, we estimate that such a reconstruction will require about 1.5 million images to achieve the same number of averaged asymmetric units; structural variability will increase this number substantially. virus assembly | virus structure | icosahedral symmetry
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virus assembly | virus structure | icosahedral symmetry T he papillomaviruses are a group of small, DNA viruses associated with benign and malignant epithelial growths (1) . Human papillomavirus (HPV) isolates fall into over 100 "types," initially classified serologically and now by DNA sequence variations that primarily reflect differences in the amino acid sequences of several prominent loops on the major structural protein L1. Infection with "high risk" types, e.g., HPV16 and HPV18, predispose to cervical cancer, prompting development of the recently introduced recombinant vaccines (2) . The immunogens in these vaccines are virus-like particles (VLPs), obtained by expressing L1 in eukaryotic cells.
Seventy-two pentamers of L1 assemble to form the outer shell of a papillomavirus particle (3) , which packages the closed circular dsDNA genome and associated nucleosomal histones. Twelve of the L1 pentamers lie on 5-fold axes; the other 60, at general positions in the icosahedral surface lattice, are 5-fold symmetric structures in a 6-coordinated surround (Fig. 1) . Capsids of the polyomaviruses (in particular, those of SV40 and murine polyomavirus, studied crystallographically) have a closely related, 72-pentamer architecture (4) (5) (6) . Crystal structures of recombinant L1 pentamers from HPV16 (7) and from three other HPV types (8) have shown as expected that they resemble the major capsid protein (VP1) pentamers from polyomaviruses. The core of the L1 subunit, like those of polyomavirus VP1, is a β-jelly roll domain, with N-and C-terminal extensions ("arms"). In the polyomavirus structures, the C-terminal arms mediate nearly all the interpentamer contacts. They "invade" a neighboring pentamer, forming part of its folded structure; bound Ca 2þ ions stabilize the invading conformation of the arm, and interor intrapentamer disulfide bonds further lock the assembly together (5, 6) .
When the HPV16 L1 structure was used to interpret a moderate-resolution electron cryomicrosopy (cryoEM) reconstruction of bovine papillomavirus (BPV), the best fit to the density suggested that the L1 C-terminal arms mediate interpentamer contacts with a pattern of invasion very similar to the one seen in SV40 and polyoma (9) . That picture was consistent with protein-chemical evidence for an interpentamer disulfide between a cysteine in the C-terminal arm (BPV Cys426) and one within the jelly roll β-barrel (BPV Cys171) (10, 11) . We have now obtained a near-atomic resolution cryoEM reconstruction of BPV that allows us to follow the full polypeptide chain (with the exception of a few, inward-projecting C-terminal residues). The long, C-terminal arms indeed interact with neighboring pentamers, forming disulfide bonds in the pattern previously suggested. The full model corrects a feature of the earlier one, however, and thereby alters one principal conclusion of the previous work. Unlike the invading arms of the polyomaviruses, which terminate within the target subunit, those of BPV L1 reinsert into the core of the pentamer from which they emerge. That is, they are essentially elaborate loops, which extend away from the jelly roll core to create the interpentamer contacts (including the disulfide bond), while retaining a C-terminal anchor within their pentamer of origin. The L1 C-terminal arms in the recombinant HPV16 L1 crystal structure also reinsert in this way. Our map thus shows that this reinsertion is a conserved property of the L1 pentamer rather than (as proposed in connection with the earlier cryoEM fit) a specific consequence of truncations needed to obtain the HPV16 L1 crystals.
The complete polypeptide chain trace shows that the N-terminal extensions (about 20 residues) also participate in contacts among pentamers. These interactions are incompatible with formation of the smaller T ¼ 1 shell (12 pentamers) that is seen in the crystals of N-terminally truncated L1 (7). They appear to be one of the switching elements that govern accurate assembly of a 72-pentamer capsid. Comparison of the BPV and HPV16 L1 structures and sequences allows us to identify a number of conserved motifs, including an additional disulfide bond in a subset of papillomavirus types.
Results
Structure Determination. We have obtained a three-dimensional density map of BPV type 1 by single-particle reconstruction from electron micrographs of individual virus particles in vitreous ice. Images of about 4,000 particles from 49 different films contributed to the reconstruction. The definition of features in the maps corresponds to an experimental x-ray crystallographic density map at about 3.5 Å resolution (Fig. 2) . The data were acquired as described in Materials and Methods. We could follow nearly all the L1 chain, including previously undescribed segments, by using the icosahedrally symmetrized map. Additional 6-fold "noncapsid symmetry" (NCS) averaging, superposing the core domains of the six subunits in the icosahedral asymmetric unit, showed detail at the level of amino acid side chains. An atomic model of the icosahedral asymmetric unit (six L1 chains) has a conventional R factor, after energyminimization refinement, of 0.385 (0.570 in the shell at 3.6 Å resolution), calculated against "Fobs" computed from the final icosahedral map (not NCS-averaged) by embedding it in a P1 cell (see Materials and Methods).
Interpentamer Contacts: C-Terminal Arms. Cross-bridges formed by the long C-terminal extensions (residues 404-495) of the core β-jelly roll link the L1 pentamers, in a pattern of interchange shown in Fig. 1 Right. The polypeptide chain emerges from the jelly-roll domain at its base and extends toward the neighboring pentamer. A segment with a conserved LxDtYR(Y/F) amino acid sequence (residues 412-418 in BPV1) augments (at the B-strand edge) the sheet with strands B, I, D, and G of one subunit in the target pentamer, and the conserved cysteine a few residues C-terminal to this segment (Cys426) forms a disulfide bond with a similarly conserved cysteine (Cys171) in the elaborate EF loop of a second subunit in the target pentamer. The interactions of residues in the LxDxYR(Y/F) motif account for their conservation and for the conservation of their partners: Asp414 has a salt bridge with Arg40; Tyr416 packs against Leu42; Arg417 has a salt bridge with Asp193 and packs against Trp444 (Fig. 3) .
The charged and proline-rich segment immediately C-terminal to Cys426 returns the polypeptide chain to the core of the subunit from which it originated. This fully extended, 11-residue segment bridges the gap between pentamers, with essentially no contacts. It reinserts into the "parent" subunit as a strand (residues 444-449), which augments the sheet with strands C, H, E, and F at the C-strand edge. The tenuous density for the bridging connection was not evident in the lower-resolution map used to build the earlier model (9) , and a link was instead suggested to residue 444 in the first subunit of the target pentamer. Except for this connection, which assigned residues from 438 to the C terminus to the wrong polypeptide chain (and the wrong pentamer), and for some conformational details of the segment between 405 and 427, the previous model (9) was correct. In particular, the disulfide was properly identified. The C-terminal arm is thus effectively a large loop: Residues 401-437 project away from the Fig. 1 . Diagrams of pentamer packing and C-terminal arm interchange in polyoma and papillomaviruses. In the full-size capsids of viruses from both groups, 72 pentamers of the major capsid protein (called VP1 in the polyomaviruses and L1 in the papillomaviruses) are arrayed at the vertices of a T ¼ 7 d icosahedral lattice. Twelve pentamers (white) are centered on 5-fold symmetry axes, whereas the 60 others (6 of which are shown, colored) are at 6-coordinated positions. In a 12-pentamer (T ¼ 1) icosahedral particle, obtained with N-terminally truncated L1 from HPV16, all 12 pentamers are on icosahedral 5-fold symmetry axes. Left: In the polyomaviruses, the VP1 C-terminal arm "invades" a neighboring pentamer, in the pattern shown, and "inserts" into its structure. Right: In the papillomaviruses, the L1 C-terminal arm invades a neighboring pentamer but turns around and inserts back into its pentamer of origin. The T ¼ 1 shell has arm-arm interactions distinct from those in the virion. Fig. 2 . Portions of the BPV cryoEM density map, in the 6-fold NCS-averaged region, with the refined molecular model superposed. The map is contoured at 3.2σ above the average density within the L1 β-barrel core. Side-chain densities in an α-helix (A) and a β-strand (B) lead to clear assignment of rotamers in many cases.
subunit, presenting Cys426 to Cys171 on a subunit of the neighboring pentamer, whereas residues 438-495 reinsert to hold the terminus of the loop within the pentamer from which it emerges.
The C-terminal part of the arm lies within the conical hollow around the pentamer axis (Fig. 3A) . A short helix (residues 461-470) is followed by a strand (residues 478-484), which augments the G-strand edge of the BIDG sheet in the neighboring subunit (in a clockwise relationship, looking along the pentamer axis from outside the virion). A cysteine at position 473 pairs in a disulfide with a cysteine at neighboring-subunit position 22. The disulfide, for which there is clear density, thus links the C-terminal part of the L1 polypeptide chain with the N-terminal part of the adjacent chain. The two residues at the corresponding positions are both cysteines in several other papillomavirus types (see the HPV sequence database: http://hpv-web.lanl.gov/), but most types lack this disulfide. The disulfide is clearly not essential for anchoring the C-terminal segment, however, as there are also extensive noncovalent interactions. We can trace about ten residues following Cys473 in the polypeptide chain: They extend into a strand that augments the BIDG sheet of the neighboring subunit at the G-strand edge. The last ten residues of the chain, of which six are lysine, appear to project inward, probably contacting the minichromosome.
Conformational Variability in the C-Terminal Arm. In the assembled virion, the projecting portion of the C-terminal arm must adopt 6 distinct conformations, to adapt to the 6 distinct packing relationships within an icosahedral asymmetric unit. Fig. 4 shows the range of variation within the BPV structure. The distal part of the loop, which contributes the augmenting strand J to the BIDG sheet in one subunit of the target pentamer and Cys426 to a disulfide bond with Cys171 of another subunit, has a uniform structure, determined by those interactions, and conformational variability is restricted to the outgoing and returning segments, residues 403-411 and 427-435 (Fig. 4A) . In the T ¼ 1 shell that assembles at low pH from N-terminally truncated HPV16 L1 pentamers (the small VLP), the projecting C-terminal arm also mediates interpentamer contacts, but the segment that would form strand J and the disulfide coils up as an α-helix (α4) instead (7).
Interpentamer Contacts: N-Terminal Arms. The much shorter N-terminal extension (residues 1-20) also participates in a set of interpentamer contacts, largely with other N-terminal arms. One such interaction pairs the arms of chains A and C from two 6-coordinated pentamers related by an icosahedral 5-fold axis (yellow and light blue in Fig. 5) . A second is a cyclic set of contacts among the three D-subunit arms related by a 3-fold axis (dark blue in Fig. 5 ). The third pairs the arm of one E subunit with the CD loop of another, 2-fold-related E subunit and with a short segment of its C-terminal arm (red in Fig. 5 ). The tip of the E arm also contributes to an A-C arm contact. Arms B and F are disordered up to residue 15. Despite the diversity of these Fig. 3 . The L1 C-terminal arm. Top: The interface between two 6-coordinated pentamers. Polypeptide chains are in "worm" representation. The arm of the "green" subunit in the left-hand pentamer (the other subunits are in gray, for clarity) invades the right-hand pentamer, where it augments a β-sheet in the red subunit, forms a disulfide bond (yellow spheres) with the yellow subunit, and extends back to reinsert into its pentamer of origin. The N-to-C direction of the green arm is left-to-right at the "lower" part of the interface shown and right-to-left in the contact-free segment that retraverses the interpentamer gap. The outlined rectangles indicate regions shown in the lower part of the figure. Bottom: Details of the density map to show unambiguous tracing of the L1 arm. In (A) and (C), the 6-fold NCS-averaged map is contoured at 3.0σ above mean density. In (B), a region in which the NCS symmetry does not hold, the map is the final icosahedrally symmetrized reconstruction, contoured at 2.5σ. (A) Reinsertion of the arm into the left-hand pentamer. The PYAGFKF sequence (residues 437-443) where the arm reinserts can be assigned unambiguously, as can residues following it. (B) Connection between the disulfide (Cys426) and the PYAGF segment in (A). The sequence in this bridge is proline-rich in most papillomaviruses. (C) Invasion of the red subunit of the target pentamer (augmentation of the BIDG sheet) and disulfide bond between Cys426 in the arm and Cys171 in the yellow subunit. Assignment of sequence to the augmenting (green) strand [LxDxYR(Y/F) motif, from 412-418] is unambiguous. Cys171 is in a surface loop, less rigid than the core β-jelly roll, and the density of the yellow chain in the vicinity of Cys171 is correspondingly weaker than the core density of the red subunit.
interactions, the extended conformation of residues 1-14 is essentially invariant among the 4 ordered copies within an icosahedral asymmetric unit. A stretch of conserved residues (V/L-Y-L/ V-P-P, 10-14 in BPV1) and a conserved tryptophan (residue 4 in BPV1) participate in these varied contacts: A similar N-terminal "scaffold" is therefore likely to be present in other papillomavirus particles.
Discussion
Virion Structure. The central problem for the molecular architecture of a 72-pentamer, icosahedral structure is how to adapt a 5-fold symmetric assembly unit to a 6-coordinated surround. The solution found in capsids of polyomaviruses and papillomaviruses depends on the properties of adaptable subunit arms emanating from a conserved pentamer core. In capsids of both groups of viruses, the long C-terminal arms can have a variety of orientations and degrees of extension, but the segment that interacts with its target site in a neighboring pentamer has an invariant conformation and invariant set of contacts. Moreover, in both cases, disulfide bonds strengthen these contacts (5, 11), requiring that for productive infection the virus pass through a compartment in which these bonds are broken. The BPV structure shows that an important difference between capsids in the two groups of viruses-and a revision to the earlier model for the papillomavirus structure (9)-is whether the C-terminal arm inserts for its entire length into the target pentamer (in the polyomaviruses) or it inserts back into its pentamer of origin (in the papillomaviruses, as shown here). The BPV C-terminal arm emerges from the core of the subunit at residue 402. Residues 411-426 contact the target pentamer, to which Cys426 contributes a disulfide; residues 427-435 bridge back to the pentamer from which the chain originated. The new chain trace provides a more plausible relationship between the contacts in the T ¼ 1 small VLP and the contacts in the virion. The C terminus of the L1 polypeptide chain is anchored identically in both assemblies, creating a long, flexible loop between residues 402 and 435. The tip of this loop contains the conserved LxDxYR(Y/F) motif (residues 412-418) and Cys426 and docks in a uniform way against the target pentamer in all 6 NCS-related contacts in the virus. The small VLP forms only when residues 1-10 are deleted (7). The BPV structure shows that the presence of these residues, which are a large part of the N-terminal arm interaction, is incompatible with the sharp curvature needed to generate the smaller icosahedral particle.
The atomic model accounts for several sequence motifs conserved among the large number of different papillomavirus types (see HPV sequence database: http://hpv-web.lanl.gov/). One of the most unusual features of the structure-the essentially Fig. 4 . Conformations of the BPV L1 arm. (A) Subunits A-E, superposed so that their core β-jelly rolls coincide (only one is shown, in gray), with N-terminal arms and extended part of C-terminal arms in color. The core of the subunit is in standard ribbon representation; the arms are in worm representation, in colors corresponding to those in the diagram in B and in Figs. 1,3 , and 5. The gray arm, which has the same conformation as the yellow arm, is not shown. The parts of the C-terminal arms that contact subunits of the neighboring pentamer are shown as thicker worms; the conformation of these segments is the same for all subunits, because it is determined by conserved interactions (including the disulfide) with the target subunits. Yellow balls: The cysteines of the interpentamer disulfide. The N-terminal arms all have the same conformation C-terminal to residue 14 (the position at which the superposed arms splay apart). The two parts of A are related by a 90°rotation, as shown. (B) The icosahedral asymmetric unit, viewed from outside the particle, showing the pattern of C-terminal arm contacts. contact-free, "strung out" conformation of residues 429-435-also correlates with conserved sequence characteristics (prolines and polar residues). These conservations are strong evidence that the same sets of L1 capsid contacts are present throughout the papillomavirus family.
Particle Assembly. L1 pentamers (like polyomavirus VP1 pentamers) have such intricate and extensive interactions between adjacent subunits that soluble monomers are not present in detectable quantity and the pentameric "capsomere" is clearly the fundamental assembly unit of the virion. One copy of the internal protein L2 can associate with an L1 pentamer, through contacts formed within its inward-facing conical hollow (as seen at low resolution in cryoEM reconstructions of pseudovirions with high L2 occupancy) (12, 13) . A set of hydrophobic residues toward the C terminus of L2 is essential for L1 binding (12) . The resulting picture is similar to the one derived from crystallographic studies of a polyomavirus VP1:VP2/3 complex (14): The C-terminal part of L2 plugs the conical hollow in a hairpin-like conformation, with the hydrophobic segment in contact with one or more L1 subunits and the bulk of the L2 polypeptide chain projecting inward. Estimates of the number of L2 copies per virion vary, but in any case only a small fraction of the L1 pentamers bear this inward-projecting appendage. There is no evidence in our reconstruction for L2 density (or for other connections between L1 and the minichromosome), and we can therefore conclude that L2 is unlikely to be incorporated selectively into the 5-coordinated pentamers. L2 is critical both for DNA packaging and for entry (15) . A first step in particle assembly must be formation of a pentamer-pentamer interface. The contact between a 6-and a 5-coordinated pentamer is the only one that includes interactions other than those with N-or C-terminal arms. The CD loops in the jelly-roll cores of the B and F subunits abut, in a particularly tight contact. This interface is likely to be the one that forms when two pentamers associate, as suggested for polyomaviruses (16) . Subsequent steps may also conform to the general considerations outlined for polyomavirus capsid formation. The disulfide bonds between cysteines 426 in the bridging arms and cysteines 171 in their target pentamers, shown to be required for virion stability, lock the capsid structure into place. During intranuclear assembly, however, the cysteines presumably remain reduced, forming disulfides only after the cell has lysed and the virus particles have entered an oxidizing environment. Indeed, pseudovirions or capsids that assemble in cells transfected with plasmids encoding L1, L2, and (for pseudovirions) packageable DNA have few if any disulfide bridges when freshly isolated from culture supernatants, and the particles collapse and flatten when negatively stained with uranyl acetate for electron microscopy (17) . If the preparation is allowed to "mature" overnight, specific disulfides form, and particle images have the familiar round, rigid appearance of purified virus particles.
Virus Entry. The primary cell-attachment receptors for many types of papillomavirus are thought to be heparan-sulfate proteoglycans (18) , but specific interactions have yet to be visualized experimentally (19) . Following attachment, virions undergo a conformational transition that allows the N-terminal part of L2 to become accessible to cell-surface furin (20) . This transition may be related to an in vitro expansion detected by electron microscopy in samples imaged at low ionic strength or low pH (21) . Furin cleavage (at a conserved site around residue 10), which is required for infectivity, in turn exposes an L2 epitope (residues 17-36 in HPV16) that can elicit neutralizing antibodies against multiple papillomavirus types (22) . There is evidence that transfer to a secondary receptor follows the primary-receptor induced conformational transition and that association with the secondary receptor leads to endocytic uptake (23) . A hydrophobic/basic sequence near the C terminus of the L2 polypeptide chain is essential for escape from endosomes (24) .
The BPV shell has only rather restricted "holes" through which the N terminus or C terminus of L2 could emerge. The opening along the 5-fold axis of L1 has a van der Waals diameter of 10-12 Å, and a gap to either side of the 2-fold contact has about the same size. A small expansion that retained the contacts within a pentamer would leave the former opening unchanged but substantially increase the latter. For example, the 7% increase in diameter reported for the "open" form of cottontail rabbit papillomavirus (CRPV) (21) would increase the interpentamer distance by about 10 Å, essentially all of which would be an enlargement of the gaps between them. Such an expansion could be accommodated by conformational changes in the segments of the C-terminal arm that cross from one pentamer to another and back (residues 403-411 and 427-435), without breaking the Cys171-Cys426 interpentamer disulfide or disrupting its surrounding noncovalent contacts. Reduction of the disulfides in BPV also leads to expansion, accompanied by exposure of the L1 C-terminal arms (10), but reduction is probably a later event, after the particle has entered the cytosol.
High-Resolution cryoEM. The clarity and resolution of the density map, from which we have derived an atomic model for BPV, are products of many incremental improvements in experimental and computational cryoEM methods. The virus preparation itself was exceptionally homogeneous, and the BPV particles are unusually robust. Merging the data may have been facilitated by the use of images all collected within a few hours from a single grid square, without major changes in beam geometry or eucentric height. The size of the reconstruction required a 64-bit processor for FREALIGN computation (see Materials and Methods). Sampling was adequate at 1.27 Å∕pixel for the resolution obtained (2.9-fold oversampling, Nyquist limit at 2.54 Å) and required a relatively large reconstruction volume (880 3 voxels). Accurate determination of defocus for each particle, on the basis of micrograph tilt and calibrated magnification, was essential (a reconstruction without individual defocus adjustment had 4.5 Å resolution). We also paid careful attention to scaling and weighting of the amplitudes for the reconstructed density, while avoiding oversharpening (see Materials and Methods). "Bad" particles were excluded on the basis of a projection-reference correlation criterion. The additional NCS averaging within the icosahedral asymmetric unit further improved the signal-to-noise ratio and extended the resolution from 4.2 to 3.6 Å. The reconstruction was computed from about 4,000 "good" particles. Because each view is icosahedrally equivalent to 59 others, the effective number of projections was about 240,000. The 6-fold NCS averaging implies that a better number, for comparison with required views from an asymmetric object, might be about 1.5 million. These estimates suggest that it may be possible to achieve similar resolution with asymmetric particles, if there is enough low-resolution contrast to avoid orientation ambiguities and if the objects themselves are as homogenous and rigid as BPV. Successful alignment will depend on the presence of clear particle features that help identify orientations. Structural variability of the particles can lead to misalignment and loss of resolution in the variable regions, and images will therefore need to be sorted into subsets of structurally equivalent particles. This sorting will increase the total number of required images, depending on the number of subsets.
Materials and Methods
Image Acquisition. Data from vitrified samples of BPV, prepared as described (10) , were collected on an FEI Tecnai F30 electron microscope (300 kV). Forty-nine micrographs, acquired on film during a single session at 25 e − ∕Å 2 , nominal magnification 59; 000× (56; 588× calibrated), defoci between −1.8 to −2.9 μm, were digitized at 7 μm (1.237 Å∕pixel at the specimen). For further details, see SI Text. 
